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Abstract
We study the problem of the motion of substance in a channel of
a network for the case of channel having two arms. Stationary regime
of the flow of the substance is considered. Analytical relationships
for the distribution of the substance in the nodes of the arms of the
channel are obtained. The obtained results are discussed from the
point of view of technological applications of the model (e.g., motion
of substances such as water in complex technological facilities).
1 Introduction
In the last decades the researchers realized the importance of dynamics of
complex systems and this lead to intensive studies of such systems, especially
in the area of social dynamics and population dynamics [1] - [31]. In the
course of this research the networks have appeared as important part of the
structure of many complex systems [32] - [35]. And an important part of the
processes in a network are the network flows. Research on network flows has
many roots and some of them are in the studies on transportation problems
[36] or in the studies on migration flows [37] - [43]. At the beginning of the
research the problems of interest have been, e.g., minimal cost flow problems
or possible maximal flows in a network. Today one uses the methodology from
the theory of network flows [44] to solve problems connected to ,e.g., just in
time scheduling, facility layout and location or electronic route guidance in
urban traffic networks [45].
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Below we shall consider a network consisting of nodes and edges - Fig.
1. Some of the nodes of the network (pictured by circles in Fig.1) and the
corresponding edges (represented by solid lines in Fig. 1) form a channel.
This channel has a single arm up to the node n where the channel splits to
two arms. We shall consider a flow of substance through such a channel.
For an example the channel can consists of chains of cells connected by
transportation systems that transport the substance from one cell to the
next cell of the channel. We can think about such a situation as a situation
reflecting the case of logistic channel consisting of storing facilities and each
of these facilities supplies a city from a network of cities. Another possible
interpretation of such a channel is motion of some substance (e.g. water)
through cells of complex technological system. In this case the edges can be
water pipes.
The following processes can be observed in a node of the studied chan-
nel: exchange (inflow and outflow) of substance with the previous node of the
channel; exchange (outflow and inflow) of substance with the next node of the
channel; exchange (inflow and outflow) of substance with the environment;
”leakages”: outflow and inflow of substance to and from the corresponding
node of the network. Below we shall consider the stationary regime of the
functioning of the channel (i.e., the regime where the amount of the sub-
stance in the cells doesn’t depend explicitly on the time: the quantities of
the substance that enter and leave the channel are the same). Our interest
will be focused on distributions of the substance in the nodes of the studied
channel for the case of this stationary regime. Studied model has numerous
applications, e.g, in migration channels, in scientometrics, in logistics, etc.
[4], [43].
2 Mathematical formulation of the problem
Specific feature of the study below is that the channel splits to two arms at
the n-th node. Thus there are two special nodes in our case. The first node of
the network (called also the entry node and labeled by the number 0) is the
only node of the network where the substance may enter the channel. The
second special node of the network is the node where the channel splits in two
arms. We assume that the substance moves only in one direction along the
channel (from nodes labeled by smaller numbers to nodes labeled by larger
numbers). The ”leakage” is also only in the direction from the channel to
the network (and not in the opposite direction).
Let us now consider the situation where the single arm of the channel
contains n + 1-nodes (the nodes labeled by the numbers from 0 to n) and
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Figure 1: Part of a network and the two arms of the studied channel. The
nodes of the arms are represented by circles and the edges that connect the
nodes of the arms are represented by solid lines. At a selected node the
channel splits to two arms. This node is labelled n/0. n is the number of
the splitting node from the point of view of the first arm of the channel (the
horizontal chain of nodes). 0 is the number of the node from the point of
view of the second arm of the channel. The nodes of the network that are
not a part of the studied channel are connected by edges that are represented
by dashed lines. Note that the entry nodes of the two arms of the channel
are labelled with 0.
then the channel splits to two arms. From the point of view of Fig. 1 this
is the part of the channel that is shown in the left-hand side of the picture
before the node where the channel splits to two arms. This part of the
channel consists of a chain of nodes of a network. The nodes are connected
by edges and each node is connected only to the two neighboring nodes of the
channel exclusive for the first node of the channel that is connected only to
the neighboring node. We study a model of the motion of substance through
such a channel which is an extension of the model discussed in [46] and [43].
We consider each node as a cell (box), i.e., we consider an array of infinite
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number of cells indexed in succession by non-negative integers. We assume
that an amount x of some substance is distributed among the cells and this
substance can move from one cell to another cell. Let xi be the amount of
the substance in the i-th cell. Then
(1) x =
∞∑
i=0
xi
The fractions yi = xi/x can be considered as probability values of distribution
of a discrete random variable ζ
(2) yi = p(ζ = i), i = 0, 1, . . .
The content xi of any cell may change as consequence of the following 3
processes:
1. Some amount s of the substance x enters the system of cells from the
external environment through the 0-th cell;
2. Rate fi from xi is transferred from the i-th cell into the i+ 1-th cell;
3. Rate gi from xi leaks out the i-th cell into the external environment.
We assume that the process of the motion of the substance is continuous in
the time. Then the process can be modeled mathematically by the system
of ordinary differential equations:
dx0
dt
= s− f0 − g0;
dxi
dt
= fi−1 − fi − gi, i = 1, 2, . . . .(3)
There are two regimes of functioning of the channel: stationary regime
and non-stationary regime. What we shall discuss below is the stationary
regime of functioning of the channel. In the stationary regime of the func-
tioning of the channel dxi
dt
= 0, i = 0, 1, . . . . Let us mark the quantities for
the stationary case with ∗. Then from Eqs.(3) one obtains
(4) f ∗0 = s
∗ − g∗0; f
∗
i = f
∗
i−1 − gi.
This result can be written also as
(5) f ∗i = s
∗ −
i∑
j=0
g∗j
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Hence for the stationary case the situation in the channel is determined
by the quantities s∗ and g∗j , j = 0, 1, . . . . In this paper we shall assume the
following forms of the amount of the moving substances in Eqs.(3) (α, β, γi, σ
are constants)
s = σ0x0 σ0 > 0
fi = (αi + βii)xi; αi > 0, βi ≥ 0
gi = γ
∗
i xi; γ
∗
i ≥ 0→ non-uniform leakage in the nodes(6)
γ∗i is a quantity specific for the present study. γ
∗
i = γi + δi describes the
situation with the leakages in the nodes of the channel. We shall assume that
δi = 0 for all i except for i = n. This means that in the n-th node (where
the second arm of the channel splits from the first arm of the channel) in
addition to the usual leakage γi there is additional leakage of substance given
by the term δnxn and this additional leakage supplies the substance that then
begins its motion along the second arm of the channel.
On the basis of all above the model system of differential equations for
this arm of the channel becomes
dx0
dt
= σ0x0 − α0x0 − γ
∗
0x0
dxi
dt
= [αi−1 + (i− 1)βi−1]xi−1 − (αi + iβi + γ
∗
i )xi; i = 1, 2, . . .(7)
We shall consider the stationary regime of functioning of the channel.
Then dx0/dt = 0 and from the first of the Eqs.(7) it follows that σ0 = α0+γ0.
This means that x0 (the amount of the substance in the 0-th cell of the
channel) is free parameter. In principle the solution of Eqs.(7), i = 1, 2, . . .
is
(8) xi = x
∗
i +
i∑
j=0
bij exp[−(αj + jβj + γ
∗
j )t]
where x∗i is the stationary part of the solution. For x
∗
i one obtains the
relationship (just set dx/dt = 0 in the second of Eqs.(7))
(9) x∗i =
αi−1 + (i− 1)βi−1
αi + iβi + γ∗i
x∗i−1, i = 1, 2, . . .
The corresponding relationships for the coefficients bij are (i = 1, . . . ):
(10) bij =
αi−1 + (i− 1)βi−1
(αi − αj) + (iβi − jβj) + (γ∗i − γ
∗
j )
bi−1,j, j = 0, 1, . . . , i− 1
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From Eq.(9) one obtains
(11) x∗i =
i−1∏
j=0
[αi−j−1 + (i− j − 1)βi−j−1]
i−1∏
j=0
αi−j + (i− j)βi−j + γ∗i−j
x∗0
The form of the corresponding stationary distribution y∗i = x
∗
i /x
∗ (where x∗
is the amount of the substance in all of the cells of the arm of the channel) is
(12) y∗i =
i−1∏
j=0
[αi−j−1 + (i− j − 1)βi−j−1]
i−1∏
j=0
[αi−j + (i− j)βi−j + γ∗i−j]
y∗0
To the best of our knowledge the distribution presented by Eq.(12) was not
discussed up to now outside our research group. Let us show that this distri-
bution contains as particular cases several famous distributions, e.g., Waring
distribution, Zipf distribution, and Yule-Simon distribution. In order to do
this we consider the particular case when βi 6= 0 and write xi from Eq.(11)
as follows
(13) x∗i =
i−1∏
j=0
b˜i−j [ki−j−1 + (i− j − 1)]
i−1∏
j=0
[ki−j + ai−j + (i− j)]
x∗0
where ki = αi/βi; ai = γ
∗
i /βi; b˜i = βi−1/βi. The form of the corresponding
stationary distribution y∗i = x
∗
i /x
∗ is
(14) y∗i =
i−1∏
j=0
b˜i−j [ki−j−1 + (i− j − 1)]
i−1∏
j=0
[ki−j + ai−j + (i− j)]
y∗0
Let us now consider the particular case where αi = α and βi = β for i =
0, 1, 2, . . . . Then from Eqs.(13) and (14) one obtains
(15) x∗i =
[k + (i− 1)]!
(k − 1)!
i∏
j=1
(k + j + aj)
x∗0
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where k = α/β and aj = γ
∗
j /β. The form of the corresponding stationary
distribution y∗i = x
∗
i /x
∗ is
(16) y∗i =
[k + (i− 1)]!
(k − 1)!
i∏
j=1
(k + j + aj)
y∗0
Let us consider the particular case where a0 = · · · = aN . In this case the
distribution from Eq.(16) is reduced to the distribution:
P (ζ = i) = P (ζ = 0)
(k − 1)[i]
(a+ k)[i]
; k[i] =
(k + i)!
k!
; i = 1, 2, . . .(17)
P (ζ = 0) = y∗0 = x
∗
0/x
∗ is the percentage of substance that is located in the
first cell of the channel. Let this percentage be
(18) y∗0 =
a
a + k
The case described by Eq.(18) corresponds to the situation where the amount
of substance in the first cell is proportional of the amount of substance in
the entire channel. In this case Eq.(16) is reduced to:
P (ζ = i) =
a
a+ k
(k − 1)[i]
(a+ k)[i]
; k[i] =
(k + i)!
k!
; i = 1, 2, . . .(19)
The distribution (19) is exactly the Waring distribution (probability distribu-
tion of non-negative integers named after Edward Waring - the 6th Lucasian
professor of Mathematics in Cambridge from the 18th century) [47] - [49].
The mean µ (the expected value) and the variance V of the Waring distri-
bution are
(20) µ =
k
a− 1
if a > 1; V =
ka(k + a− 1)
(a− 1)2(a− 2)
if a > 2
ρ is called the tail parameter as it controls the tail of the Waring distribution.
Waring distribution contains various distributions as particular cases. Let
i→∞ Then the Waring distribution is reduced to the frequency form of the
Zipf distribution [50]
(21) P (ζ = i) ≈
1
i(1+a)
.
If k → 0 the Waring distribution is reduced to the Yule-Simon distribution
[51]
(22) P (ζ = i) = aB(a+ 1, i)
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where B is the beta-function.
Let us now consider the stationary regime of functioning of the second arm
of the channel. Here we shall denote as 0-th node the node where the second
arm of the channel splits from the first arm. We assume that an amount z
of the substance becomes distributed among the cells of the second arm of
the channel and this substance can move from one cell to another cell. Let
zi be the amount of the substance in the i-th cell. Then
(23) z =
∞∑
i=0
zi
The fractions yi = zi/z can be considered as probability values of distribution
of a discrete random variable ζ
(24) yi = p(ζ = i), i = 0, 1, . . .
The content zi of any cell may change due to the same three processes that
govern the motion of the substance in the first arm of the channel The process
of the motion of the substance is continuous in the time. Then the process can
be modeled mathematically by the system of ordinary differential equations:
dz0
dt
= sˆ− fˆ0 − gˆ0;
dzi
dt
= fˆi−1 − fˆi − gˆi, i = 1, 2, . . . .(25)
The relationships for the quantities of the above equations are (αˆ, βˆ, γˆi are
constants)
sˆ = δnxn;
fˆi = (αˆi + βˆii)xi; αˆi > 0, βˆi ≥ 0
gˆi = γˆixi; γˆi ≥ 0(26)
Thus the system of equations for the motion of the substance in this arm of
the channel is
dz0
dt
= δnxn − αˆ0z0 − γˆ0z0
dzi
dt
= [αˆi−1 + (i− 1)βˆi−1]zi−1 − (αˆi + iβˆi + γˆi)zi; i = 1, 2, . . .(27)
In this article we shall discuss the situation in which the stationary state is
established in the entire channel (in the two arm of the channel). In this case
xn → x
∗
n;
dz0
dt
→ 0 and dzi
dt
→ 0. Then
z∗0 =
δnx
∗
n
αˆ0 + γˆ0
; z∗i =
αˆi−1 + (i− 1)βˆi−1
αˆi + iβˆi + γˆi
z∗i−1, i = 1, 2, . . .(28)
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From the second of Eqs.(28) one obtains
(29) z∗i =
i−1∏
j=0
[αˆi−j−1 + (i− j − 1)βˆi−j−1]
i−1∏
j=0
αˆi−j + (i− j)βˆi−j + γˆi−j
z∗0
The form of the corresponding stationary distribution y∗i = z
∗
i /z
∗ (where z∗
is the amount of the substance in all of the cells of second arm of the channel)
is
y∗0 =
1
1 +
∞∑
i=1
i−1∏
j=0
[αˆi−j−1+(i−j−1)βˆi−j−1]
i−1∏
j=0
αˆi−j+(i−j)βˆi−j+γˆi−j
; y∗i =
i−1∏
j=0
[αˆi−j−1+(i−j−1)βˆi−j−1]
i−1∏
j=0
αˆi−j+(i−j)βˆi−j+γˆi−j
1 +
∞∑
i=1
i−1∏
j=0
[αˆi−j−1+(i−j−1)βˆi−j−1]
i−1∏
j=0
αˆi−j+(i−j)βˆi−j+γˆi−j
,
i = 1, 2, . . .(30)
On the basis of the analogy between Eqs. (12) and (29) one can easily see
that the Waring distribution is a particular case also for the distribution given
by Eq.(30) that describes the distribution of the substance in the second arm
of the channel. One has just to repeat the calculations starting from Eq.(13)
and finishing at Eq.(22).
3 Concluding remarks
In this article we obtain analytical relationships for the distribution of the
substance in the two arm of a channel of a network for the case of the sta-
tionary regime of the functioning of the channel. On the basis of these
relationships we can make numerous conclusions. Let us discuss just one of
these conclusions: the presence of the second arm of the channel changes the
distribution of the substance in the first arm of the channel. In order to dis-
cuss this let us denote as y
∗(1)
i the distribution of the substance in the cells of
the first arm of the channel for the case of lack of second arm of the channel.
Let y
∗(2)
i be the distribution of the substance in the cells of the first arm of
the channel for the case of presence of second arm of the channel. From the
theory in the previous section one easily obtains the relationship
y
∗(1)
i
y
∗(2)
i
=
i−1∏
j=0
αi−j + (i− j)βi−j + γ
∗
i−j
αi−j + (i− j)βi−j + γi−j
=
i−1∏
j=0
[
1 +
δi−j
αi−j + (i− j)βi−j + γi−j
]
(31)
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When i < n then δi = 0 and there is no difference between the distribution
of the substances in the channel with single arm and in the channel with two
arms. The difference arises at the splitting cell (the n-th cell from the point
of view of the numbering of the first arm of the channel). As it can be easily
calculated for i ≥ n Eq.(31) reduces to
y
∗(2)
i
y
∗(1)
i
=
1
1 + δn
αn+nβn+γn
, i ≥ n(32)
Eq.(32) shows clearly that splitting of the channel affects the tail of the
distribution of the substance in the first arm of the channel. If the second arm
of the channel don’t exists then δn = 0 and the distribution of the substance
is a long-tail distribution that contains the long-tail Waring distribution as a
particular case. The ”leakage” of the substance to second arm of the channel
may reduce much the tail of the distribution of substance in the first arm of
the channel. This reduction can even be kink-wise at the n-th node for large
value of δn.
References
[1] WEISBUCH G., Complex Systems Dynamics. Addison-Wesley, Boston,
1991.
[2] MARSAN, G. A., N. BELLOMO, A. TOSIN. Complex Systems and
Society: Modeling and Simulation. Springer, New York, 2013.
[3] AMARAL, L. A. N., J. M. OTTINO. Complex Networks. Augmenting
and Framework for the Study of Complex Systems. Eur. Phys. J. B 38
(2004), 147 – 162.
[4] VITANOV, N. K. Science Dynamics and Research Production. Indi-
cators, Indexes, Statistical Laws and Mathematical Models, Springer,
Cham, 2016.
[5] PANCHEV, S., T. SPASSOVA, N. K. VITANOV. Analytical and nu-
merical investigation of two families of Lorenz-like dynamical systems.
Chaos, Solitons & Fractals, 33 (2007), 1658 - 1671.
[6] PETROV, V., E. NIKOLOVA, O. WOLKENHAUER. Reduction of non-
linear dynamic systems with an application to signal transduction path-
ways. IET Systems Biology, 1 (2007), 2 - 9.
10
[7] MARASULOV, D., H. E. STANLEY. Nonlinear Phenomena in Complex
Systems: From Nano to Macro Scale. Springer, Dordrecht, 2013.
[8] DIMITROVA, Z. I., N. K. VITANOV. Influence of adaptation on the
nonlinear dynamics of a system of competing populations. Physics Let-
ters A 272 (2000) 368 - 380.
[9] VITANOV, N. K., Z. I. DIMITROVA, M. AUSLOOS. Verhulst-Lotka-
Volterra model of ideological struggle. Physica A 389 (2010), 4970 –
4980.
[10] BANERJEE, S., G. C. Verghese. Nonlinear Phenomena in Power Elec-
tronics: Bifurcations, Chaos, Control, and Applications. Wiley, New
York, 2001.
[11] DIMITROVA, Z. I., N. K. VITANOV. Chaotic pairwise competition.
Theoretical Population Biology 66 (2004), 1 - 12.
[12] ASHENFELTER, K. T., S.M. BOKER, J.R. WADDEL , N. VITANOV.
Spatiotemporal symmetry and multifractal structure of head movements
during dyadic conversation. Journal of Experimental Psychology: Hu-
man Perception and Performance 35 (2009), 1072 - 1091
[13] Vitanov, N.K., M. Ausloos. Knowledge epidemics and popula-
tion dynamics models for describing idea diffusion. pp. 69-125 in
SCHARHORNST A., BO¨RNER K., VAN DEN BESSELAAR P.
(eds) Models of Science Dynamics. Understanding Complex Systems.
Springer, Berlin, Heidelberg, 2012.
[14] SAKAI, K., S. MANAGI, N.K. VITANOV, K DEMURA. Transition of
chaotic motion to a limit cycle by intervention of economic policy: an
empirical analysis in agriculture. Nonlinear dynamics, Psychology, and
Life sciences 11, (2007), 253 - 265.
[15] DIMITROVA, Z. I., N. K. VITANOV. Adaptation and its impact on
the dynamics of a system of three competing populations. —Physica A
300 (2001), 91 - 115.
[16] VITANOV, N. K., I. P. JORDANOV, Z. I. DIMITROVA. On nonlinear
dynamics of interacting populations: Coupled kink waves in a system of
two populations. Communications in Nonlinear Science and Numerical
Simulation 14 (2009), 2379 – 2388.
11
[17] BOCCALETTI, S., V. LATORA, V., Y. MORENO, Y., M. CHAVEZ,
M., D. U. HWANG. Complex networks: Structure and Dynamics.
Physics Reports, 424 (2006), 175 – 308..
[18] VITANOV, N.K., Z.I DIMITROVA , H. KANTZ. Modified Method
of Simplest Equation and its Application to Nonlinear PDEs. Applied
Mathematics and Computation 216 (2010), 2587 – 2595.
[19] FRANK, T. D. Nonlinear Fokker-Planck Equations. Fundamentals and
Applications. Springer, Berlin, 2005.
[20] VITANOV, N.K. Modified Method of Simplest Equation: Powerful Tool
for Obtaining Exact and Approximate Traveling-Wave Solutions of Non-
linear PDEs. Communications in Nonlinear Science and Numerical Sim-
ulation 16 (2011), 16: 1176 – 1185.
[21] MURRAY J.D. Lectures on Nonlinear Differential Equation Models in
Biology. Oxford University Press, Oxford, 1977.
[22] VITANOV N.K., Z. I. DIMITROVA, K. N. VITANOV. Modified
Method of Simplest Equation for Obtaining Exact Analytical Solutions
of Nonlinear Partial Differential Equations: Further Development of the
Methodology with Applications. Applied Mathematics and Computation
269 (2015), 363 – 378.
[23] KANTZ, H., D. HOLSTEIN, M. RAGWITZ, N. K. VITANOV. Markov
chain model for turbulent wind speed data. Physica A 342 (2004), 315
- 321.
[24] VITANOV, N. K., I. P. JORDANOV, Z. I. DIMITROVA. On nonlinear
population waves. Applied Mathematics and Computation 215 (2009),
2950 – 2964.
[25] CORDERO, P., B. NACHTERGAELE. Nonlinear Phenomena in Flu-
ids, Solids and other Complex Systems. North-Holland, Amsterdam,
1990.
[26] VITANOV, N. K., Z. I. DIMITROVA, K. N. VITANOV. Traveling waves
and statistical distributions connected to systems of interacting popu-
lations. Computers & Mathematics with Applications 66 (2013), 1666 –
1684.
[27] PASTOR-SATORRAS, R., A. VESPIGNANI. Epidemic Dynamics and
Endemic States in Complex Networks. Physical Review E 63 (2001),
066117.
12
[28] BOECK, T., N. K. VITANOV. Low-dimensional chaos in zero-Prandtl-
number BenardMarangoni convection. Phys. Rev. E 65 (2002), 037203.
[29] MARASULOV, D., H. E. STANLEY. Nonlinear Phenomena in Complex
Systems: From Nano to Macro Scale. Springer, Dordrecht, 2013.
[30] VITANOV, N. K., K. N. VITANOV. Population dynamics in presence
of state dependent fluctuations. Computers & Mathematics with Appli-
cations 68 (2013), 962 – 971.
[31] VITANOV, N. K., M. AUSLOOS, G. ROTUNDO. Discrete model of
ideological struggle accounting for migration. Advances in Complex Sys-
tems, 15 (supp01) (2012), 1250049.
[32] ALBERT, R. A.-L. BARABASI. Statistical Mechanics of Complex Net-
works. Rev. Mod. Phys. 74 (2002), 47 – 97.
[33] HAKEN, H. Brain Dynamics. An Introduction to Models and Simula-
tions. Springer, Berlin, 2008.
[34] DOROGOVTSEV, S. N., J. F. F. MENDES. Evolution of Networks.
Advances in Physics, 51 (2002), 1079 – 1187.
[35] NEWMAN, M. E. J. The structure and function of complex networks.
SIAM Review, 45 (2003), 167 – 256.
[36] FORD Jr., L. D., D. R. FULKERSON. Flows in Networks. Princeton
University Press, Princeton, NJ, 1962.
[37] HARRIS, J. R., M. P. TODARO. Migration, Unemployment and Devel-
opment: A Two-Sector Analysis. The American Economic Review, 60
(1970), 126 – 142.
[38] WILLEKENS, F. J. Probability Models of Migration: Complete and
Incomplete Data. SA Journal of Demography 7 (1999), 31 – 43.
[39] FAWCET, J. T.. Networks, Linkages, and Migration Systems. Interna-
tional Migration Review 23 (1989), 671 - 680.
[40] GURAK, D. T., F. CACES. Migration Networks and the Shaping of Mi-
gration Systems. p.p. 150 - 176 in KITZ, M. M., L. L. LIM, H. ZLOTNIK
(Eds.) International Migration Systems: A Global Approach. Clarendon
Press, Oxford, 1992.
13
[41] VITANOV, N. K., K. N. VITANOV. On the motion of substance in a
channel of a network and human migration. Physica A 490 (2018), 1277
- 1294.
[42] VITANOV, N. K., K. N. VITANOV, T. IVANOVA. Box model of mi-
gration in channels of migration networks. pp. 203-215 in: GEORGIEV,
K., M. TODOROV, I. GEORGIEV (eds). Advanced Computing in In-
dustrial Mathematics. Studies in Computational Intelligence, vol 728.
Springer, Cham, 2018.
[43] VITANOV, N. K., K. N. VITANOV. Box model of migration channels.
Mathematical Social Sciences 80 (2016), 108 – 114.
[44] CHAN W.-K. Theory of Nets: Flows in Networks. Wiley, New York,
1990.
[45] GARTNER N. H., G. IMPROTA (Eds.) Urban Traffic Networks. Dy-
namic Flow Modeling and Control. Springer, Berlin, 1995.
[46] SCHUBERT, A., W. GLA¨NZEL. A Dynamic Look at a Class of Skew
Distributions. A Model with Scientometric Application. Scientometrics
6 (1984), 149 – 167.
[47] IRWIN, J. O. The Place of Mathematics in Medical and Biological Sci-
ences. Journal of the Royal Statistical Society 126 (1963), 1 - 44.
[48] IRWIN, J. O.. The Generalized Waring Distribution applied to Accident
Theory. Journal of the Royal Statistical Society 131, 205 - 225 (1968).
[49] DIODATO, V. Dictionary of Bibliometrics. Haworth Press, Binghamp-
ton, NY, 1994.
[50] CHEN, W.-C. On the Weak Form of the Zipf’s Law. Journal of Applied
Probability, 17 (1980), 611 – 622.
[51] SIMON, H. A. On a Class of Skew Distribution Functions. Biometrica
42 (1955), 425 – 440.
14
